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nearshore zones and (2) to identify nearshore areas of the U.S. Great Lakes
where—-during certain times of the year--sediment characteristics and wind/wave
conditions are especially conducive to resuspension of bottom sediments.
Two
major areas of literature search and information synthesis were explored:
a. wind and wave characteristics and b. the properties of nearshore surficial
sediments in the U.S. Great Lakes. Additionally, limited information on
critical velocities and entrainment rates of sediments was evaluated.
The approach of this study to determine frequency and extent of sediment
resuspension was to utilize wave height and wave period data to calculate
wave orbital velcities.
Wave height data collected over a 10—year period by
observers on Great Lakes vessels (SSMO, 1975) were coupled with wave period
data obtained through wave-hindcasting techniques (Resio and Vincent, 1976—
1978).
Other sources of wave
data wereconsidered but they were either judged
incomplete because only some of the Great Lakes were covered or data were
available but were in such a raw form that extensive computer time was requir—
ed to synthesize them before they could be used.
Such a computer effort was
beyond the resources of this project.
The annual frequency of sediment reSuspension (days/year) was obtained
by summation of the annual wave frequencies for specific wave height classes
that produce orbital velocities higher than 5 cm/sec at a depth of 18 m
(N 60 ft) in the nearshore zone.
These orbital velocities were then related
to entrainment rates of clayey and sandy sediments collected in the U.S.
nearshore areas of Lake Erie to estimate annual sediment resuspension.
Entrainment rates for the Lake Erie Central Basin sandy sediment were used
for all the lakes except the Western Basin of Lake Erie which has clayey
sediment.
This assumption seemed to be valid because the nearshore sediments
of the U.S. Great Lakes are primarily sandy.
Regional differences in annual
frequency and quantity of resuspension are evident both among and within each
of the Great Lakes.
The magnitude of sediment resuspension is related closely
to the frequency (days/year) of occurrence of wind-generated waves strong
enOugh to resuspend bottom sediments.
Sediment type has a strong influence
\
on resuspension as demonstrated by studies in Lake Erie.
Larger amounts of
sediment are resuspended in the western segments of Lake Erie than in the
central and eastern segments of the nearshore zone of the lake despite the
greater number of days that resuspension could occur in the latter segments
based on hydrodynamic considerations.
Fine sediments predominate in the
Western Basin of Lake Erie.
A comparison of predicted quantities (this study) of sediment resuspen-
sion with limited field—observed data indicates that despite the numerous
  
 assumptions and uncertainties in making the predictions, calculated values,
although higher, are in the same order of magnitude as the observed data.
Underestimation is possible for the observed values because data were obtained
following, rather than during, wind events. In contrast, a possibility exists
that the predicted values are overestimated since lateral movement of sediments
and the potential effect of ice cover were not considered. Values presented
on an annual basis may include sediments resuspended more than once.
Based on the annual frequency and quantity of sediment resuspension, the
susceptibility of nearshore areas in each lake was delinated. The ranking of
nearshore zones by the quantity of sediment resuspended correlates closely
with the ranking obtained by resuspension frequency for Lakes Michigan and
Ontario. The eastern nearshore areas of Lake Ontario and the eastern and
southern nearshore areas of Lake Michigan have high sediment resuspension
potential. The ranking of Lake Erie nearshore zones by the quantity of
resuspended sediment results in a reverse order to that generated by ranking
according to resuspension frequency. High resuspension areas in Lake Erie
exist in the Western Basin mainly due to the predominance of fine sediments.
A moderate correlation exists between rankingby sediment quantity and ranking
by resuspension frequency for Lake Huron nearshore zones. By either ranking
scheme, the Saginaw Bay and St. Clair River segments of Lake Huron's nearshore
zone are susceptible areas. High resuspension areas in Lake Superior are the
east central, east and west central segments of the nearshore zones. Possible
susceptible areas include the west, Duluth-Superior, and‘Whitefish Bay segments
of the lake.
It is important to consider the quality of nearshore sediment when
designating critical areas. Using this criterion, critical areas in the U.S.
Great Lakes nearshore zones are identified as Saginaw Bay (Lake Huron), the
Western Basin of Lake Erie, the southern segment of Lake Michigan, and the
Duluth-Superior and northern segments of Lake Superior. According to our
estimates, large quantities of sediment are not resuspended in the northern
zones of Lake Superior, however, this zone encompasses Silver Bay where
taconite tailings are discharged. Obviously, resuspension of polluted bottom
sediments will have a far greater impact on water quality than the resuspension
of uncontaminated sediment.
It is important to remember that the predicted sediment resuspension
reported iS only a first aPPrOXimatiOH and extrapolation is only useful if




































































































































































































































































This literature review concerns the frequency and extent of wind—induced
resuspension of bottom material in the U.S. Great Lakes nearshore waters.
It addresses an important facet of the Pollution from Land Use Activities
Reference Group (PLUARG) Task D effort. The Task D objective is to diagnose
the degree of impairment of water quality in the Great Lakes, and assess the
significance of contaminants contained in sediments, fish and other aquatic
components. Furthermore, Task D should provide supplementary information on
the amounts of materials reaching the boundary waters and should determine
the effects of these inputs on water quality so that their future significance
under alternate management schemes can be assessed.
Task D activities, in addition to this review, include an assessment of
the potential significance of shoreline erosion as a pollutant source to the
Great Lakes and an evaluation of the magnitude of tributary loadings to the
Great Lakes, together with estimates of the inputs from point and nonpoint
sources. Studies are now being concluded to determine the effects of river
inputs from land drainage on the Great Lakes. Considerable quantities of
suspended materials are transported by the tributaries to the Lakes
(Sonzogni et al., 1978). A major point of interest of the tributary studies
is to determine whether resuspension of sedimented materials is of importance
relative to other inputs of suspended material in the nearshore area. Previous
and impending reports have concluded that resuspension maybe a significant
factor affecting Great Lakes water quality and merits further attention
(Sydor, 1975; Lam and Jacquet, 1976; Sly, 1977).
The overall objective of this study is to determine the potential for
resuspension of sediments in the nearshore waters of the U.S. Great Lakes
based on available literature. No experimental work or primary data measure-
ments were involved in the project. Specific objectives are l. to identify
the nearshore areas of the U.S. Great Lakes where-—during certain times of
the year——sediment characteristics, morphology and wind conditions are
especially conduciveto resuspension of bottom materials, and 2. to estimate
the frequency and extent of wind or storm-induced sediment/water mixing of
nearshore areas and embayments.
LITERATURE REVIEW
WIND AND WAVES





































































































































































































































































































































































































































































 In general, wave height is independent of wave period and wave length.
However, an exception to this rule exists: if the wave height increases so
that it is larger than one—seventh of the wave length, the wave crest becomes
unstable and the wave tends to break. Wave period and wave length, however,
are related. Formulas exist which allowthe calculation of one of these
parameters if the other is known (U.S. Army EngineeringResearch Center,
1973). The relationship between wave length and period for shallow—water
waves differs from the relationship seen with deep—water waves. It is easy
to calculate periods from wave length or vice versa if water depth is known.
Given these relationships, it is possible to calculate orbital velocities at
a given depth if the wave height and the wave period or length are known.
These techniques are utilized to calculate orbital velocities when wave
height and wave period_data are available.
Lake sediments are subject to movement or resuspension caused by wave-
induced water motion if the sediments are within the depth range of wave
influence. The amount of sediment resuspended at any given time depends on
the velocity of the water at the sediment—water interface (which is directly
related to wave height, wave period and water depth) and sediment character-
istics including grain size and cohesiveness. Furthermore, currents and water
turbulence also are generated by wave action and these phenomena may result in
the transport of resuspended sediment to other areas. These processes, how—
ever, are poorly characterized for any given in—lake situation. For the
purposes of this report, it was decided to disregard the possible effects of
currents and turbulence on resuspension events. The discussion focuses
primarily on the orbital velocity (speed of wave—induced water movement) at
the sediment-water interface generated by waves whose vital characteristics
(including height, period, wave length and approach direction) are described
in the literature or were synthesized for this report from existing data.
General Great Lakes Climate
 
In order to understand the seasonal attributes of waves on the Great
Lakes, it is useful to review the general climate of the region. Detailed
summaries of the regional climatic characteristics have been published by the
U.S. Weather Bureau (1959) and Environment Canada (Phillips and McCulloch,
1972). Consequently, the descriptions of Great Lakes climate extracted from
these sources will be brief and will concentrate mainly on climatic aspects
relating to the generation of surface waves.
The location of the Great Lakes in the interior of the North American
continent between the contrasting source regions of polar and tropical air
masses gives the region more rapidly changing and complex weather patterns
than those of more maritime locations. The interaction of the air masses
along the polar front produces low pressure systems (cyclonic storms) which
usually move toward the Great Lakes under the influence of the general
westerly circulation. In contrast, over the oceans, areas of cyclogenesis or
storm formation generally remain in relatively fixed locations. Larger
seasonal changes in the heat and moisture characteristics of the land surface
resulting in greater modification of air mass properties as compared to the
oceans produce more variable areas of cyclogenesis over land. In addition,
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FIGURE 1. MEDIAN POSITIONS OF STORM TRACKS CHARACTERIZED BY







































together with 33 lives. 60 mph
(100 km/hr) over Lakes Michigan and
Superior — gusts to 75 mph (125 km/hr).
40 to 45 mph (67 to 75 km/hr) over Lake
Superior, 55 to 60 mph (92 to 100 km/hr)
over Lake Erie.
45 to 50 mph (75 to 83 km/hr) over Lake
Michigan, > 40 mph (67 km/hr) over Lake
Ontario.







Sault Ste. Marie — lowest since 1920.
Low water in western Lake Erie.
60-70 mph (100 to 117 km/hr) general over
Lakes Superior and Michigan. Reported
102 mph (170 km/hr) and 12 ft. (3.6 m)
waves at Superior, WI.
50 mph (83 km/hr) on Lake Michigan and











vessels in the upper lakes.
40 to 55 mph (67 to 92 km/hr) over Lake
Erie.
40 to 50 mph (67 to 83 km/hr) over Lakes
Michigan and Huron.
40 to 50 mph (67 to 83 km/hr) over Lakes
Huron, Erie, and Ontario.


















































Buffalo, 40 to 50 mph (67 to 83 km/hr)































together with 17 lives. 45 to 60 mph
(75 to 100 km/hr) over Lake Superior.
May 5, 1950 Dock facilities destroyed at Superior, WI.
Winds at Superior were 62 mph (103 km/hr),
gusts to 92 mph (153 km/hr),at Milwaukee
72 mph (120 km/hr),at Green Bay 109 mph
(182 km/hr).
November 4—6, 1948 40 to 50 mph (67 to 83 km/hr) over the
upper lakes.
December 4—6, 1948 45 to 50 mph (67 to 83 km/hr) over lower
lakes, 60 mph (100 km/hr) over upper lakes.
March 25, 1947 Up to 55 mph (92 km/hrL above gale force
for 20 hr. on Lake Erie.
April 4, 1945 Above 60 mph (100 km/hr) over central
lakes.
November 22, 1945 45 to 50 mph (75 to 83 km/hr) over Lake
Superior, 35 to 40 mph (58 to 67 km/hr)
over the lower lakes.
October 29—30, 1942 45 to 50 mph (75 to 83 km/hr) over Lake
Michigan, 30 to 35 mph (50 to 60 km/hr)
over the lower lakes.
November 21—22, 1941 35 to 40 mph (58 to 67 km/hr) over Lakes
Erie and Huron.
December 5, 1941 40 to 50 mph (67 to 83 km/hr) over the
upper lakes, 50 to 60 mph (83 to 100







One of the most severe storms.
Winds 60 mph
(100 km/hr) over a large area, up to 80 mph
(133 km/hr) over Lakes Michigan and Huron.
Severe snow and cold wave. Three large ships








35 to 45 mph
(58 to 67 km/hr) over Lake
Michigan, 40 to 55 mph (67 to 92 km/hr) over
Lake Erie.
Pacific Southwest (Storm Track No. 3 in Fig. 1)
November 16—17, 1955
Above 60 mph (100 km/hr) over
Lakes Michigan,
Huron and Erie. Severe icing.
November 26, 1952
Up to 60 mph (100 km/hr) over Lakes Michigan,
Huron and Erie.
April 5—6, 1947
Up to 60 mph (100 km/hr) over Lake Michigan,
50 mph (83 km/hr) over Lake Erie.
April 11, 1947
35 to 40 mph
(58 to 67 km/hr) over the
eastern lakes.
December 7—8, 1947
35 to 45 mph (58 to 75 km/hr) over all the
lakes.
October 18, 1946
35 to 40 mph




35 to 40 mph
(58 to 83 km/hr) over all the
lakes.
1
Alberta (Storm Track No. 4 in Fig. 1)
December 11,
1956
40 to 50 mph (67 to 83 km/hr) reported by
many ships on all lakes.
ll
 











45 to 60 mph (75 to 100 km/hr) on Lake
Superior, over 50 mph (83 km/hr) on Lake
Michigan.
40 to 50 mph (67 to 83 km/hr) over Lake
Superior.
35 to 45 mph (58 to 75 km/hr) over the
lower lakes.
50—55 mph (83 to 92 km/hr) over the upper
lakes.
55 to 60 mph (92 to 100 km/hr) over the
upper lakes.
40 to 50 mph (67 to 83 km/hr) over Lakes
Erie and Ontario.
35 to 40 mph (58 to 67 km/hr) over Lakes
Michigan and Superior.
One of the most severe summer storms. Up
to 65 mph (108 km/hr) over Lakes Michigan,
Huron and Erie.




50 to 60 mph (83 to 100 km/hr) with gusts
to 90 mph (150 km/hr) over Lakes Erie and
Ontario.
40 to 60 mph (67 to 100 km/hr) over Lakes
Erie and Ontario.
One of the most severe lake storms. 50
to 60 mph (83 to 100 km/hr) over western
lakes and above 80 mph (138 km/hr) over
Lakes Erie and Ontario. Over 200 seamen
and at least 8 large ships lost.
aSource: U.S. Weather Bureau, 1959.
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TABLE 2
EXAMPLES OF DAMAGING TROPICAL STORMS










50 to 60 mph (83 to 100 km/hr) over Lakes
Erie and Ontario.
45 to 60 mph (75 to 100 km/hr) over Lakes
Erie and Ontario, 40 mph (67 km/hr) on
Lake Huron.
50 to 65 mph (83 to 100 km/hr) over Lakes
Erie and Ontario, 35 to 50 mph (58 to
83 km/hr) on Lake Huron.
40 to 70 mph (67 to 117 km/hr) over the
lower lakes, 35 to 45 mph (58 to 75 km/hr)
over Lakes Michigan and Huron.
Small boats driven ashore, large vessels
unable to leave port. 50 to 60 mph
(83 to 100 km/hr) over Lakes Erie and
Ontario.





MONTHLY FREQUENCIES 0F CYCLONES AND ANTICYCLONES
WITHIN AREAS SHOWN ON MAP‘
 
MONTH IN AREA TOTAL
Frequency of Extratropical Cyclones
 
1 2 3 4 5














    
1 2 3 4 s
1
Jan. ‘ '20 150 180 2 O 240 270 m
Feb . 24 30 24 23 30
Mar. 25 30 21 25 36
Apr. 26 21 29 41 26
May 32 34 31 42 40









Aug. 69 54 41 4s 5 s I I
Sep. 46 43 47 5 1 53 , ,
Oct. 25 45 3o 53 66
Nov. 15 22 21 31 34















       





































































































































































































































































































































































































































Based on longest fetch and/or highest w1nd speeds. Source: Richards and Phillips (1970).
cWave heights given in FT. to remain consistent with data source.
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FIGURE 3 PROBABILITY OF SIGNIFICANT wAVE HEIGHTS GREATER
THAN INDICATED THRESHOLDS FOR LAKE SUPERIOR (SOURCE: RICHARDS
AND PHILLIPS, 1970).
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F1 , 7— JANUARY WIND ROSES FOR SELECTED AIRPORT STATIONS. The average wind speed from all directions in winter is from 6 to 19 miles per hour. Over the middle and
upper akcs region, winds blow from the west and northwest 40 to 50 percent of the time, with northwest winds prevailing. South of the lakes, winds from the west and southwest direction
Pmdomlnem 30 to 40 Pmcen‘ 0‘ “‘0 “me- Source : Phillips and McCulloch , 1972 .
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Fig . 8 ’4 APRIL WIND ROSES FOR SELECTED AIRPORT STATIONS. On the average, winds are strongest in early spring with mean speeds in all directions over 8 mph; the highest
mean speeds are above 13 mph and are usually from the prevailing direction. Stronger speeds are associated with increased cyclonic activity and less surface retardation, since the ground is
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Fig . 9‘ JULY WIND R
OSES FOR SELECTED AI
RPORT STATIONS. Summer
winds are generally more var
iable in direction than winter
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Wind—wave hindcasting techniques are very complex and
time consuming, however, and the analysis of substantial amounts of data
would have required extensive computer time.





was only of marginal value to this project.
Some studies report maximum wave






































































































































































































































































































































































































































































 0f the coupling of wave height data contained in these publications with
wave period data from Resio and Vincent
(1976—1978) for calculating wave—
induced resuspension is given later in the Methodology section.
NEARSHORE SEDIMENT CHARACTERISTICS
The magnitude of wind (wave)—induced resuspension in the Great Lakes
depends primarily on the wave characteristic and its frequency of occurrence
and the characteristics of nearshore surficial sediments.
The main sediment
parameter of concern is the textural class or grain size distribution.
Fine
sediments, particularly clays, tend to be resuspended easier and stay in
suspension longer than coarser particles.
Because of this, the fine particles
are more likely to be transported and redistributed to other parts of a lake
depending upon the current patterns in that lake.
The degree of compaction
also influences resuspension although it may not play a major role in near-
shore zones because the sediments are disturbed continually by wave activity
and this process is not conducive to compaction or consolidation.
Sediments are comprised of three main particle size fractions, namely;
sand, silt and clay. The size limits of these fractions are given in Table 5.
Nearshore Zone
It is necessary to delineate the nearshore zone for each of the Great
Lakes. For this project, the area between the shoreline and the 18.3 m (10
fathoms or 60 ft) contour constitutes the nearshore zone. It is within this
zone that nearshore sediment characteristics were compiled from previous
lakewide sediment surveys.
The extent of the nearshore zones for each of the five Great Lakes is
presented in Figs. 11 through 15. Lake Erie is the shallowest lake and its
extensive nearshore zone occupies almost one—half of the total area of the
lake. The nearshore zones of two of the lakes, Lakes Superior and
Ontario, form a narrow band along the shoreline periphery. Lake Michigan has
narrow nearshore areas in the eastern and western portions but these are quite
extensive in the extreme northern and southern ends. The nearshore zone of
the southern section of Lake Huron is larger than its northern counterpart.
Sediment Characteristics
Information regarding the general distribution, composition and charac—
teristics.of surficial sediments on a lakewide basis is available for all the
lakes (Thomas et 31., 1972, 1973, 1975, 1976, 1978). General descriptions of
sediment types are presented in a report prepared by the Great Lakes Basin
Commission (1976). A comprehensive detailed survey of sediments has been
made for the Canadian Great Lakes nearshore areas (20 m contour) by the
Canada Centre for Inland Waters (St. Jacques, 1976). No similar project has
been made nor apparently is being attempted for the nearshore waters of the
U.S. Great Lakes.
Maps of sediment type distribution based upon sample descriptions and
interpretation of echograms are available. In order to have a better
27
  
   
  
   
 
   
    
  
   
   
 
    
    
     
    
  






























Clay <0.004 <4 >8
aMillimeter
Micrometer
c¢ = —log2 d, where d is particle size diameter in mm.
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appreciation of the regional variations of nearshore sediments, parameters
such as sediment type, textural classification, clay and silt contents, and
mean grain size were tabulated for various segments of each lake.
Data were




































































































































































































































































































































































































































































SEDIMENT CHARACTERISTICS OF NEARSHORE ZONES IN THE U.S. GREAT LAKES
 
SURFICIAL SEDIMENT CHARACTERISTICSb
LAKE SEGMEN'Ia TYPE TEXTURAL CLASSO SILT, Z CLAY, I MEAN SIZE,“ o ORGANIC C. 1
Lake Superior (Thomas and Jacquet, 1975; GLBC, 1976)
A. North Glacial till a e e <3—5 (<125-3l)f e
B. Duluth-Superior Sand <3-S (<125-3l)
C. West Glacial till-glacio-
lacustrine clay <3—5 (<125—31)
D. West Central Glacial till-glacia-
lacustrine clay (3-7 (<125—8)
E. Keweenaw Bay Glacial till <3-5 ((125-31)
1“. East Central Glacial till-sand <3-7 (<125-8)
G. East Sand <3-5 (<125—31)
H. Whitefish Bay Sand (3—5 (<lZS-3l)
Lake Michigan (Powers and Robertson, 1968; GLBC, 1976; Thomas, 1978)
A. North Glacial till Sand e e e e
3. Northwest Glacial till—mud Sand
C. Southwest Glacial till-bedrock Sand
D. South Glacial till-bedrock Sand
E. Southeast Glacial till Sand
F. Northeast Glacial till Sand
Lake Huron (Thomas and Kemp. 1973)
A. North Glacial till Sand-clayey sand <5-40 <10-25 <3-5 (<125-31) 0-1
3. North Central Glacial till Sand—clayey sand <S-20 <10-25 <3‘5 (<125-31) 0-1
C. Central Glacial till Sand-clayey sand <5—20 <10-50 <3'5 ((1254-31) 0—1
D. South Central Glacial till Sand <5 <10 <3 ((125) 0—1
E. Saginaw Bay Sand Sand <5 <10 <3 (<125) 0-1
F. South Glacial c111 Sand .<5 <10-25 <3 (<125) 0-1
G. St. Clair River Glacial till Sand <5 <10 <3 (<125) 0-1
Lake Erie (Thomas et s1. 1976)
A. West Sandy md e 20-60 10-60 3-8 (125-8) 1-4
3. Heat Central Sand—silty
clay mud 20-60 20->60 3—9 (125—2) 1-1.
c. East Central Sand-sandy mud 20-40 5—60 3-6 (125-16) <1-4









Lake Ontario (Thomas et al. 1972)
A. West Sand-silt Sand <5-10 <10-25 <3'5 ((125-31) <1
B. Central Sand—glacial till Sand-clayey silt <5-40 <10-25' <3-5 ((125‘31) <l-2
C. East Sand-glacial till Sand <5-10 <10 <3-5 (<125-31) <1
:Refer to Figs 22 to 27 for lake segmentation and sites within segments.
cBest estimate of range of properties based on predominant areal distribution on maps.
stsed on Shepard classification.
elncreasing 0 values mean decreasing grain size.
information.



















































































type A basin sediments (muds)
E type B bash sedimmts .
type C basin sediments .
.m:
FIGURE 18 DISTRIBUTION OF SURFICIAL SEDIMENTS IN





























































































































The nearshore sediments of Lake Erie are more complex than any of the
other lakes.
Fine-grained sediments are abundant,
particularly in the
western basin,
all of which is considered nearshore zone.
Surficial sediments




Major occurrences of sand and
gravel are found in the Pelee Lorraine moraine south of Point Pelee.
Modern
sands occur in littoral zones and beaches along the western shoreline and in
parts of the southern and eastern shoreline.
Parts of the southwestern and
most of the southeastern periphery of the lake are overlain with glacial till
with bedrock cropping in localized areas.
The till, which is a nonhomogeneous
unconsolidated mixture of gravel, sand, and clay forms a veneer over the
bedrock.
Sandy clay muds occur lakeward of the till and bedrock bottom.
The mean grain size of sediments in the Lake Erie nearshore zone is
smaller than the sediments in other lakes (Table 6). Fine—grained sediments
accumulate under shallow-water conditions in the western basin.
High loadings
of fine-grained sediments are derived from the Detroit and Maumee Rivers with
a deficit of coarser materials from river bedload and shoreline erosion
(Thomas et al., 1976). Input loadings are in excess of sediment export to the
central basin, resulting in net accretion of fine—grained sediments. Thicker
accumulations of post glacial muds are found in the deeper portions of central
and eastern basins.
Lake Ontario--
The dominant sedimentary types of nearshore areas in Lake Ontario are
glacial till and/or bedrock (Fig. 20). Sand accumulation occurs in the
Niagara Bar vicinity of Rochester, N.Y. and along the eastern shore.
Rukavina (1976) in his study of the nearshore sediments of Lake Ontario
corroborated the findings that the bottom sediment of the southern shore of
the lake is mainly glacial till, thinly veneered with sand and coarser
materials. This glacial till is apprarently undergoing erosion and accumu—
lation of coarse—grained deposits is occurring. Exposed bedrock is a minor
component of the zone.
    
    
   
   
   
 
   
   
  
    
  
    
 
  
   
   
  
  





post-glacial mud; salt qrey silty clay
salt grey mm with same sand;an range from continuous soil sandy mud
to discontinuous ciean sand and/or mud zones
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lacial clay sediments
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Most of the sediments fall under the sand textural classification and
they are in the coarse size range (Table 6).
The average sand size decreases
from the Niagara River to the eastern shore, although sands are well—sorted
(Sutton et al., 1970).
High silt concentrations occur in the Rochester area
which are associated with river inputs from the Black and Genesee Rivers.
Modern mud
(silty clays and clays)
















On the basis of sediment distribution,




















































































































































































































































































































































































































































































































































































































Little attention has been given to the critical stage or threshold of——
in part——sediment movement under oscillatory water-wave motion due to the
difficulty in obtaining satisfactory measurements under complex wave motions
in lakes. Available data, obtained from flume experiments in the laboratory,
indicate that different sediments or particles of different sizes exhibit
varying thresholds (Table 7).
Fukuda (1978) studied the critical shear stress needed for the initial
entrainment of several natural sediments. These sediments have a wide range
of physical and chemical properties. The sediments used were: a clay—rich
sediment that consisted primarily of decomposed shale; a clayey sediment
obtained from the Western Basin of Lake Erie; a sandy sediment sampled from
the Ashtabula Harbor area in the Central Basin of Lake Erie; and an organic—
rich sediment collected from a freshwater pond. Fukuda (1978) defined
critical stress as that stress corresponding to the initial increase in
suspended sediment concentration. The shear stresses were translated to
threshold orbital velocities (Table 8). For the same water content, threshold
velocity increases with a decrease in clay content. The high threshold
velocity of the organic sediment is attributed not only to the high sand
43
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CRITICAL SHEAR STRESS (Tc), SHEAR VELOCITY (u.) ESTIMATED














































80.3 0.58 0.76 6
Pondc 27 65 66.0 3.46 1.86 34





s obtained by the
relationship T =
pu12 where p is d
ensity of water






y Lam and Jaquet
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A sample extracted from this data base is presented in
Table 10.
A number of assumptions and qualifications necessarily accompany this
approach.
1.
It should be noted that these data are based on observations
made by ships in passage.
Such ships tend to avoid bad weather whenever
possible,
thus biasing the data toward good weather events.
Resuspension
estimates based on this information therefore are likely to be underestimated.
2.
It was assumed that the observed waves were "deepwater" waves.
Thus, it
was necessary to convert deep water heights (which can be obtained from the
SSMO (1975) data) to shallow water wave heights at various depths in order
to determine wave orbital velocities and the resultant sediment resuspension
potential in shallow nearshore areas.
This conversion method is discussed
later.
3.
Many of the observed waves are based on mid—lake reports.
Such
waves do not necessarily impinge on nearshore areas but the assumption was
made that all observed waves ultimately intersect nearshore areas.
In
systems as large as the Great Lakes, it is common to consider a whole lake
as the generating area for wind waves.
Therefore wave parameters (height
and period) were assumed to be homogeneous within a given wave generating
area (Liu and Kessenich, 1976). Liu and Kessenich (1976) compared wave
parameters obtained from shipboard observations to those obtained by fixed
wave riders at several sites in Lake Ontario. Their results indicated
that:
"the inference of wave parameter homogeneity within the lake area can
be considered as valid in a broad sense and thus this approach is generally
acceptable within a limited scope." This assumption will likely result in
an overestimate of resuspension occurrences. 4. Swell waves (those
generated by winds distant from the local area where the observation is
taken) are not included in the SSMO (1975) data. Since such waves are
likely very active in resuspension events, underestimation of the magnitude
of sediment resuspension will result. 5. A very important qualification
accompanies the determination of wave direction. As is evident from Table 10,
the data provides only wind direction versus the percentage occurrence of a
given wave height. It was assumed that wind from a given direction will
generate waves whose approach direction mirrors the wind direction. Thus,
when three foot waves are observed, and the wind direction is from the north,
our assumption leads to the conclusion that the observed waves are moving in
a southerly direction. Since wave heights are reported for wind directions
from eight compass points, the results of this assumption led to the c0up1ing
of either three or five different wind points with the appropriate wave
heights for each shoreline examined. It was deemednecessary to utilize
51
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 wave height occurrence percentages from the relevant three and five compass
points for each designated shoreline section. For example, wave data
relevant to possible sediment resuspension on the western shore of Lake
Michigan were obtained from wave height data for wind directions either from
the east, northeast or southeast, or from the east, northeast, southeast,
north and south. It was impossible to determine whether wave height data
from either three or five compass points were more appropriate to any given
stretch of shoreline. Thus, wave height data for each shoreline zone are
presented for both three and five compass points under Results and Discussion.
It might be speculated that the three compass point data are more appropriate
for bays or other sheltered areas. However, this hypothesis was neither
tested nor validated.
WAVE PERIOD DATA
Resio and Vincent (1976-1978) utilized wind/wave hindcasting techniques
to develop wave height and period parameters for each of nearly 200 sites on
the U.S. Great Lakes shoreline. The site locations for which wave parameters
were developed are shown in Figs. 23-27. Unfortunately, this impressive
effort was designed to predict the maximum wave that a coastal structure
might experience under severe weather conditions. Consequently, wave height
data are presented as maximum predicted waves for recurrence intervals of
5, 10, 20 and 100 years. The possibility that these data could be extrapolat-
ed to much lower recurrence intervals (i.e. l to 6 months) was explored
directly with these authors but suchwas found not to be possible. Resio and
Vincent (1976-1978) also provided information on predicted wave periods for
each of the 200 Great Lakes shoreline sites. The data were presented as
predicted periods for waves of various heights. Typical data showing signi-
ficant wave periods versus wave heights for a site on Lake Huron are present-
ed in Table 11 (Resio and Vincent, 1977). It can be seen that the wave period
information is provided for three discrete wave angle classes. These angle
classes represent waves approaching the shoreline from three different
directions. The three angle classes are defined as if viewed by an observer
standing on shore: angle class 1 — mean wave approach angle greater than 30
degrees to the right of normal to shore; angle class 2 - mean wave approach
angle within 30 degrees of either side of normal to shore; angle class 3 -
mean wave approach angle greater than 30 degrees to left of normal to shore.
In view of the manner in which wave height and wave direction were
obtained from SSMO (1975) (i.e. from the appropriate three or five wind
compass points), it was felt that an arithmetic average of the three wave
period values given for each wave height would be satisfactory for this study.
Furthermore, since our approach was to examine defined zones along the U.S.
Great Lakes shoreline, it was necessary to numerically average the wave
periods for all of the sites falling within these nearshore zones in order to
obtain a single value for the "typical" wave period in that nearshore zone.
In Table 12 are indicated those sites (Resio and Vincent, 1976-1978) which
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FIGURE26 LAKE ERIE SITE LOCATIONS FOR WHICH WAVE HEIGHTS AND
PERIOD DATA WERE GENERATED BY WIND-WAVE HINDCASTING (SOURCE:





























































































































































































SAMPLE WAVE HEIGHT vs. WAVE PERIOD DATA FOR A SITE
ON LAKE HURON (SOURCE:
GRID LOCATION 15,10 LAT = 44.03 LON = 82.71
GRID POINT NUMBER 8
SIGNIFICANT PERIOD (SEC) BY ANGLE CLASS AND WAVE HEIGHT
















































































































































































































































































































 category were used. For example, the SSMO (1975) data provide percentage
occurrences for waves in the 3 to 4 foot (0.9—1.2 m) category. Periods for
various nearshore zones were established utilizing the wave period Versus
wave height tables presented by Resio and Vincent (1976—1978) by determining
the relevant period for a 4 foot (1.2 m) wave. Thus, in each case where a
wave height range is indicated, the wave period is determined for the highest
wave height for that category.
Both wave height and significant wave periods developed by Resio and
Vincent (1976—1978) were devised to apply to deep water waves. Since
estimates of sediment resuspension and wave orbital Velocity involve wave
effects in shallow water (therefore involving shallow water anes) it was
necessary to convert deep water wave periods to appropriate shallow water
parameters at the selected depths. The method used to convert deep water
wave periods to shallow water conditions is covered below.
CALCULATION OF WAVE ORBITAL VELOCITIES
The orbital velocity of the near—bottom wave motion can be predicted by
the relationship described by Komar and Miller (1973):
u = WH
m
T sinh ¢%E5 (l)
where um is the bottom orbital velocity (ft/sec x 30.48 cm/ft = cm/sec), H is
the significant wave height (ft), T is the significant wave period (sec), d is
the water depth (ft) under consideration, and Ld is the wave length (ft) at
depth d. The wave length Ld is given by
_ 2nd
Ld - Lo tanh (~if) (2)
with
2
L =5T— = 5.12122 (3)
0 2H
where L is the deep water wave length (ft). Values of d/L were obtained from
Table Cgl of the Shore Protection Manual, Vol. 3 (U.S. Army Engineering
Research Center, 1973) after calculating d/LO. Since the wave height data
used were assumed to be deep water, their correction to shallow water wave
heights are necessary. This was done by multiplying the resulting orbital
velocities obtained with equation (1) by the ratio of the shallow water wave

















































































































































































































































































































































































































































































































































































































































































































RELATION BETWEEN ORBITAL VELOCITY (um)
AND SHEAR VELOCITY (uA) USING EQUATION 5
(LAM AND JAOUET, 1976)
“A, CM/SEC for
 
um, CM/SEC T = 2 SECa T = 5 SECa
2 0.5 o A
3 0.6 O 5





a . . . .
T = Slgnlflcant wave perlod.
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RELATION OF SHEAR STRESS AND ENTRAINMENT RATE FOR




































were averaged for a given range
 
       
  
_ LAKE ERIE WESTERN
10 BASIN SEDIMENT
 
LAKE ERIE CENTRAL BASIN SEDIMENT


































0 1 2 3 4 5 6 7 8 9 10 11 12





































































































































































































































































































































































































ying rate of resuspe
nsion by number of d
ays that there is re
suspension.
ave frequency and number of days where wave characteristics are not sufficient to cause resuspenaion are excluded.





































































































The annual wave frequencies and orbital velocities compiled for specified
nearshore zones are presented in Tables 16 through 20. Annual wave frequen—
cies for the different wave height classes are presented as a function of wind
direction, i.e. when the wind is from both the three and five designated
compass points. Wave height and period data in the tables assume deepwater
conditions. These values were corrected to reflect shallow water conditions
prior to calculation of orbital velocities at the indicated depths. The
annual wavefrequencies and orbital velocity values taken together were used
to estimate sediment resuspension. The degree of sediment resuspension was
estimated by calculating the frequency (i.e. number of days/year) that resus—
pension is expected to occur in the nearshore segments of the Great Lakes, and
making semi—quantitative estimates of the amounts of sediment per unit area
resuspended in the nearshore segments.
If threshold orbital velocities (the point at which sediment just begins
to move) are given, it is possible to calculate the maximum percentage of
time that sediment resuspension will occur at a specific depth in a given
nearshore zone. Since sediment movement is related to grain size, cohesive—
ness and water content, it is impossible to utilize a threshold velocity
which applies to more than a few very limited and specific sites. For purposes
of comparison, however, a threshold velocity of 5 cm/sec was selected to re—
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aAnnual wave frequency when wind direction is from five designated compass points.
































































































































































































































































































































































Annual wave frequency when wind direction 18 from five designated compass points.
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QUANTITIES or SED1MENT RESUSPENDED IN THE NEARSHORE ZONE (188)
OF THE U.S. GREAT LAKES
 
AMOUNT OF SEDIHENT RESUSPENDED
DAYS OF RESUSPENSION
  
















B. Dduth-Superior 117 85 63,938 55,142 546 649
C. West 135 91 84,444 58,298 626 641
D. West Central 153 88 128,575 78,099 840 887
E. Keweenaw Bay 131 62 90,222 43,226 689 697
F. East Central 142 98 137,745 97,195 970 992
C. East 127 91 103,866 80,611 818 886
H. Whitefish Bay 134 94 79,154 62,241 591 662
Mean 132 81 96,354 61,670 724 738
Lake Michigan
A. North 131 92 75,043 54,401 573 591
8. Northwest 122 51 74,754 26,465 613 519
C. Southwest 122 51 87,018 29,684 713 582
D. South 133 92 80,307 62,768 604 682
E. Southeast 168 97 138,039 74,960 822 773
F. Northeast 153 105 113,254 78,141 740 744









8. North Central 109 50 48,616 21,614 446 432








E. Sag1nau Bay 97 55 52,616 34,211 542 22
F. Snuth 96 44 52,441 19,960 546 454
G. St. Clntr Rlver 111 69 47,240 36,849 426 534









8. West Central 76 44 112,817 68,489 1,484 1,556
C. East Central 94 50 59,207 35,746 630 715
D. East 94 50 59,207 35,746 630 715
Mean 84 46 80,250 47,702 994 1,081
Lake Ontario
A. West 69 32 18,589 6,821 269 213








Mean 72 42 16,653 8,257 235 200
aobtained by dividing annual resuspension by number of days that resuspension occurs in
a year.
Represents 5 prevailing wind directions.
Represents 3 major prevailing wind directions.
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focuses on annual values obtained for three wind
directions.
The three wind direction method more likely approximates the
major prevailing winds necessary to generate resuspension—causing waves in
the nearshore zone.
Regional differences in resuspension are evident within lakes
(Figs.
30
to 34). The magnitude of sediment resuspension is closely related to the
frequency (number of days) of occurrence of wind—generated waves strong enough
to resuspend bottom sediments.
Sediment type also has a strong influence on
resuspension and this is demonstrated clearly in Lake Erie (Fig. 33). Greater
amounts of sediment are resuspended in the west and west central segments
than in the east central and east segments despite the greater number of days
of resuspension that could occur in the latter two segments. It should be
recalled that fine sediments, which are easily resuspendable, predominate in
the western basin of Lake Erie. I
It appears that the quantity of sediment resuspension per unit area
varies among lakes and follows the order of Lake Superior > Lake Michigan >
Lake Erie > Lake Huron > Lake Ontario. This comparision should be interpreted
cautiously, however, since local sediment variation within lakes is extremely
difficult to assess from the available generalized sediment surveys.
Comparison with Experimental Data
In situ measurements of resuspension in the nearshore zones of the U.S.
Great Lakes have been limited. Investigations have been conducted in western
Lake Superior (Sydor, 1975), in the western basin of Lake Erie (Herdendorf and
Zapotosky, 1977), and at the mouth of the Genesee River near Rochester
(GLL, 1976). These findings and the methods of estbnating resuspension are
reviewed briefly for each of these studies before comparisons between observed
and predicted values are made.
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ANNUAL SOURCES OF LAKE TURBIDITY IN
 























































































 primarily during periods of easterly winds.
Herdendorf and Zapotosky (1977) investigated sediment resuspension in
the Western Basin of Lake Erie using sediment collection devices placed on
bedrock reefs and shoals. Data obtained from these devices indicated
considerable deposition of sediments (over 200 mm annually) during the spring,
summer and fall of 1967, 1968 and 1969. However, information gathered during
scuba diver surveys of the reefs showed that the sediment veneer over the
bedrock was commonly absent. Based on this observation it is likely that
sedimentation is virtually nil. Since sedimentation is negligible in this
particular nearshore area, sediment resuspension is assumed to be equal to
the sediment deposited in the collection devices. This approach was used to
estimate the rate and amOunt of resuspension of a portion of the western
basin, i.e. from the Maumee Bay eastward through the island area to the central
basin. Water depth is less than 7.6 m (25 ft) and the area is approximately
600 kmz. Considering a mean deposition rate of 1.0 mm per day for the 3—year
period, and a mean water depth of 4 m, resuspension quantity wouldamount to
6.0 x 105 metric tons sediment per day. This is equivalent to 1.0 x 103
metric tons/ka-day. Deposition observations have been made on an average of
130 days for a 3—year period.
The wind—induced resuspensionat the mouth of the Genesee River near
Rochester was investigated by the Great Lakes Laboratory, SUNY College of
Buffalo (GLL, 1976) after two wind events. The prevailing winds during the
windstorms immediately prior to sampling were westerly (northwest and south-
west). Sampling was done through the water column in three areas--resuspended,
transition, and non—resuspended‘rup to a depth of l m above the lake bottom.
Various parameters were determined including suspended solids (Table 23). The
in-lake loadings of suspended solids were 29 to 31 metric tons, respectively,
for the two wind events. Since these values were obtained during two single
wind events they could be a3sumed to be the amount resuspended per day. Daily
unit area loadings were 7.8 to 9.0 metric tons/kmz—day. These estimated values
do not include the transition area. If that area is included, the loadings
would become 58 to 63 metric tons/day or 11 to 13 metric tons/ka-day.
It is evident from the investigations described above that sediment
resuspension in nearshore zones could be a significant process in the U.S.
Great Lakes nearshore area. A comparison between observed data and those
predicted by the present study was attempted for three nearshore sites of the
U.S. Great Lakes (Table 24). Predicted values are consistently higher than the
observed amounts although the two setsof data for western Lake Superior and
the Western Basin of Lake Erie are of the same order of magnitude. Some
possible explanations for the discrepancies follow:
(a) Field observations were not taken during events but rather after
the occurrence of an event. Hence, at the sampling time, coarser
particles had already settled out and only the finer sediments
remained in suspension. This may be true for the studies in
western Lake Superior (Sydor, 1975) and the Rochester area (Lake
Ontario (GLL, 1976).
(b) In the study of Lake Erie's Western Basin, coarse particles were






































































































































































































OBSERVED AND PREDICTED QUANTITY OF SEDIMENT RESUSPENDED







































































Herdendorf and Zapotosky (1977).
Obtained by dividing annual resuspension by number of days resuspension occurs in a year (This study,
  
analyses of the trapped sediments (Herdendorf and Zapotosky, 1977).
The small amount of clay deposited indicates that a portion of the
clays were transported to deeper areas of the lake and are thus not
accounted for in the estimate.
(c) In the present study, the effects of lateral movement of bottom
sediments and the issue of winter ice cover are not considered,
resulting in an overestimation of resuspension. The nearshore
zones of the lakes are ice—covered during the mid—winter months,
usually mid-January to mid-March (Phillips and McCulloch, 1972).
Ice cover likely minimizes resuspensionof sediments.
DELINEATION OF SUSCEPTIBLE AREAS
Regional differences in resuspension are evident within each of the
Great Lakes (Figs. 30 through 34). The magnitude of sediment resuspension
is closely related to the frequency of occurrence and intensity of surface















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































RANKING OF U.S. GREAT LAKES NEARSHORE
ZONES BY PREDICTED AMOUNTS OF SEDIMENT
RESUSPENSION AND FREQUENCY OF RESUSPENSION




































































 TABLE 25 (CONT.)
NEARSHORE ZONES RANKED ACCORDING TOa
 
POTENTIAL QUANTITY OF FREQUENCY OF SEDIMENT
RESUSPENDED SEDIMENT RESUSPENSION EVENTS
, b c
b QUANTITY , b FREQUENCYb
LAKE SEGMENT (METRIC TONS/KMZ-YR) LAKE SEGMENT (DAYS OF RESUSPENSION/YR)
Lake Huron
 
0 43,000 G 69
G 37,000 A 65
E 34,000 E 55
A 23,000 B 50
B 22,000 0 49
F 20,000 F 44
D 18,000 D 44
Lake Superior
F 97,000 F 98
0 81,000 H 94











B 55,000 B 85
E 43,000 E 62




















































harbors are located on the eastern and southern shorelines of Lake Michigan
(Table 26). In addition, the City of Chicago is situated within a zone
(Zone D) of moderately high resuspension potential. The bathymetric features
of Lake Michigan in the Chicago area lend themselves to repeated resuspension
of particulates before the sediments are ultimately moved from the broad
shelf—like nearshore zone to deeper water. The likelihood that the sediments
near a major metropolitan area are enriched with pollutants and nutrients is
quite high.
Coupled with hydrodynamic and bathymetric considerations, it is
probable that this zone (segment D, Fig. 31) is important with respect to the
in—lake loading of pollutants in Lake Michigan.
Due to the lack of available hydrodynamic data, Green Bay was not included
in the Lake Michigan study.
However, based on its relatively shallow depth,
and fetch, Green Bay is expected to show considerable sediment resuspension
during ice-free periods.
The ranking of Lake Erie nearshore zones by the potential quantity of
resuspended sediment results
in an order opposite to that generated by ranking




may potentially be resuspended in the west and west central segments
(segments
B and A, Fig.
33) than in the east and east central regions
(segment C and D,
Fig. 33) despite the fact that the wave orbital velocity threshold values for
sediment movement
(i.e. resuspension frequency)
are exceeded more often in the
two eastern zones than in the two western zones.
This is a result of a
correction factor introduced into the resuspension quantity calculations for
western Lake Erie as outlined under Methodology.
Sediments in the nearshore
zones of all the lakes are classified as sandy while the grain sizes of sedi-
ments in western Lake Erie are much finer.








quantities of resuspended sediment,
























Lake Erie is a highly susceptible area for sediment resuspension.
Furthermore,















































































































































































NEARSHORE AREAS WITH POLLUTED BOTTOM SEDIMENTS
(U.S. GREAT LAKES SHORELINE)
LAKE SEGMENT
SPECIFIC LOCATIONS TYPE OF POLLUTANT






















































































































































































































































































































































































































































































































































































































































































considered a potentially critical area.
Both the north and central nearshore zones of Lake Huron (segments A and
C, Fig. 32) occupy a somewhat anomolous position when resuspension quantity
and resuspension frequency ranking data are compared. The potential quantity
of resuspended sediment for segment C is the highest of all Lake Huron near-
shore zones. On the other hand, resuspension events arepredicted to occur
less often in segment C than in four of six of the remaining nearshore zones.
The reverse situation is seen when segment A data are examined. Potential
resuspended quantityfor this zone indicates no increased susceptibilities as
compared with other nearshore zones. Resuspension frequency ranking, however,
indicates that resuspension events may occur in this zone more frequently
than five out of six of the remaining nearshore zones.
The data for these segments (A and C, Fig. 32) raise an important issue
which this study is unable to resolve. "What is the relative importance of
sediment resuspension quantity vs. sediment resuspension frequency for water
quality effects in the Great Lakes?" Considerable research on this issue is
critically needed. Pending the results of such investigations, it is only
possible to say that thenorth and central nearshore zones of Lake Huron are
"possible" susceptible areas for sediment resuspension.
Based on the ranking of nearshore areas for Lake Superior (Table 25) the
following pattern emerges. The east central zone (segment F, Fig. 30) is the
most susceptible area for sediment resuspension as judged by either ranking
system. The Duluth—Superior, Keweenaw and north zones (segments B, E, and A,
Fig. 30) are the least susceptible when similarily judged. Ranking of the
four remaining nearshore zones (i.e. east, west central, Whitefish Bay, and
west——segments G, D, H, C, Fig. 30) results in an unclear pattern. The
poSition of a given nearshore zone depends on which ranking system is used.
However, the resuspension frequency values (Table 25) differ by less than 10%
among the four zones. It was felt that in view of the tentative nature of our
computed estimates, a difference of 10% among these nearshore zones was not
adequate to discriminate among zones. However, on the basis of resuspension
quantity data, it is possible to divide the Lake Superior nearshore zones into
three general groups reflecting the following: susceptible areas, possible
susceptible areas, and less susceptible areas. This approach results in the
designation of the east central, east, and west central zones as susceptible
nearshore areas. Possible susceptible zones include the west, Duluth—Superior,
and Whitefish Bay zones while the remaining two nearshore zones (north and
Keweenaw Bay) are unlikely to be susceptible to large amounts of sediment
resuspension.
It is important to note once again that the delineation of critical or
susceptible nearshore zones has been accomplished solely on hydrodynamic
grounds. For at least two reasons, one must be careful in extrapolating the
data developed in this report beyond their intended purpose. First, the data
presented have been derived from qualitative visual estimates of wave para—
meters and the calculation procedure included several simplifications and




from a sediment resuspension—water quality standpoint even though they may not
be "hot spots" or "susceptible" areas based on hydrodynamic calculations. A
good example of this potential problem exists for Lake Superior. Despite the
fact that segments B and A (Duluth—Superior and North) are designated as
"less susceptible" areas for sediment resuspension, an important effect on
water quality may take place when sediment resuspension occurs in these areas.
The Duluth—Superior nearshore area includes not only the heavily polluted
Duluth-Superior harbor, but also a large portion of the so—called "red clay"
region in Lake Superior. This region is believed to contribute a major
portion of the turbidity seen in the western area of Lake Superior (Sydor,
1975). The nearshore zone A (North zone) includes the Silver Bay area where
large amounts of taconite tailings have been discharged over the last 20 years
(Glass et al., 1977). The resupension of asbestos fibers from these tailings
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































taneously which limit the effects of pollutant release on water quality.
For example, precipitation and readsorption of the released contaminants
followed by settling of the resuspended sediment may carry the pollutants
back to the bottom. The contact time between the resuspended sediment and
overlying water, i.e., the duration of resuspension,cou1d partly modify the
exchange process.
The most visible physical effect of resuspension is increased turbidity
in lake water. Excessive turbidity, besides reducing aestheticacceptability,
can damage aquatic ecosystems by reducing light penetration, clogging gills
of fish and mussels and disturbing benthic community habitats (Cairns, 1968;
May, 1973). High turbidity concentrations at water intakes can also present
problems to communities using lake water for domestic purposes (Sydor, 1975).
The availability of nutrients and pollutants from resuspended sediment
is important to consider in evaluating the impact of sediment resuspension
on water quality. However, investigation of this aspect receives little
attention. Armstrong et a1. (1978) have studied the availability of
pollutants associated with suspended sediments using resin and chemical
extractions. These suspended sediments were collected from five rivers that
are tributary to the Great Lakes. Preliminary results indicate a wide
variation in the availability of phosphorus and some trace metals in terms of
particle size and locations. Values obtained by extraction may or may not
represent the amounts taken up by aquatic biota. Obviously, there is a need
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Effects of Dredged Material Disposal in Lake Superior: Volume 2,
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ORBITAL VELOCITIES FOR A
WATER DEPTH OF 18.3 M (60 FT)
 
WAVE ORBITAL VELOCITIES (CM/SEC) FOR WAVE PERIODS IN SEC
HEIGHT,
FT 3 5 6 7 8 9 10
1 0.0 0.5 2.0 3.7 5.2 6.2 7.0 7.7
2 0.0 0.1 3.9 7.6 10.4 12.5 14.2 15.5
3 0.1 1.4 5.9 11.3 15.6 18.8 21.2 23.2
4 0.1 1.9 7.9 15.1 20.8 25.0 28.2 30.9
5 0.1 2.4 9.8 18.8 26.0 31.3 35.4 38.6
6 0.1 2.9 11.7 22.6 31.3 37.6 42.4 46.4
7 0.1 3.4 13.7 26.4 36.5 43.8 49.5 54.1
8 0.1 3.8 15.7 30.1 41.7 50.1 56.6 61.8
9 0.2 4.3 17.7 34.0 46.9 56.4 63.6 69.6
10 0.2 4.8 19.6 37.7 52.1 62.7 70.7 77.3
11 0.2 5.3 21.6 41.4 57.3 68.9 77.8 85.0
12 0.2 5.8 23.6 45.3 62.5 75.1 84.8 92.7
13 0.2 6.2 25.6 49.0 67.7 81.4 91.9 100.5
14 0.3 6.7 27.4 52.8 72.9 87.6 99.0 108.2
15 0.3 7.2 29.4 56.6 78.1 94.0 106.1 115.9
16 0.3 7.7 31.4 60.3 83.4 100.2 113.1 123.7
17 0.3 8.2 33.4 64.0 88.6 106.5 120.2 131.3
18 0.3 8.6 35.3 67.8 93.8 112.7 127.3 139.1
19 0.3 9.1 37.3 71.7 99.0 119.0 134.3 146.8





ORBITAL VELOCITIES FOR A










































































































































































































































































































































































































































































































































































































































































































































































































































 WATER DEPTH OF 9.1 M (30 FT)
APPENDIX 4
ORBITAL VELOCITIES FOR A
























































































































































































































ORBITAL VELOCITIES FOR A
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